Seismic intensity provides useful information on the regional distribution of earthquake effects and has been used to assess seismic hazards and damages. The concept of intensity has been considered as a method to classify severity of the ground motion on the basis of observed effects in the stricken area. In 1996, the Japan Meteorological Agency (JMA) developed a new seismic intensity measurement scale using three-component strong ground motion records in order to provide a measure of the strength of the seismic motion, which is compatible with the existing JMA intensity scale. By applying a band-pass filter to the frequency domain and a vectoral composition of the three components in the time domain, the JMA seismic intensity scale (I JMA ) can be calculated without subjective judgement. In this study, we apply the I JMA method to the acceleration records of three recent significant earthquakes in California. For a Modified Mercalli Intensity (MMI) between IV and VIII, a new relation between MMI and log a 0 , obtained in the process of calculating the new I JMA , is given by the equation MMIϭ3.93 log a 0 Ϫ1.17. We propose this relation as a new instrumental seismic intensity ( I MM ) compatible with the California region MMI.
INTRODUCTION
The Medvedev-Sponheuer-Karnik (MSK) scale, the Modified Mercalli Intensity (MMI) scale, and the Japan Meteorological Agency (JMA) intensity scale are the most common intensity scales used since the middle of last century. Recently, many new intensity scales denoting the correlation between earthquake ground motion parameters and MMI have been proposed, especially for the California region. Sokolov and Chernov (1998) introduced the concept of representative frequencies to designate the correlation between seismic intensity (in terms of the MMI or the MSK scales) and Fourier amplitude spectra, after examination of earthquake recordings for several seismic regions. Following the 1994 Northridge earthquake, Dengler and Dewey (1998) proposed a community decimal intensity (CDI) scale, where the community is defined as the geographical boundaries of zip codes. Their concept is based on the Humboldt Earthquake Education Center (HEEC) telephone survey, studying individual household responses and observations of earthquake effects as a function of the independently assigned U.S. Geological Survey (USGS) MM intensities for those communities. a) NIED, EDM, 2465-1Mikiyama, Miki, Hyogo, 673-0433 Japan b) IIS, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan Thywissen and Boatwright (1998) , using municipal safety inspection data, developed a shaking intensity map for the 1994 Northridge earthquake. They derived a quantitative estimation of shaking intensity from the number of buildings categorized as red, yellow, or green by age, number of housing units, and construction type. Wald, Dengler, and Dewey (1999) introduced an automatic rapid generation method of intensity mapping using the responses of the intensity surveys of Internet users who felt the earthquake in southern California by converting the individual answers of each community into numerical values of the Community Internet Intensity (CII) using a modified version of the CDI (Dengler and Dewey 1998) algorithm. Wald et al. (1999b) also generated rapid instrumental ground motion and shaking intensity maps in real-time, designated TriNet ''ShakeMaps.'' To generate ShakeMaps they use the new relationships between recorded ground motion parameters and shaking intensity values, taking into consideration spatially variable effects due to local site conditions in the southern California. TriNet ''ShakeMaps'' are available to the public as well as emergency response agencies within a few minutes of an earthquake on the World Wide Web.
Although many of these methods are useful in the evaluation of earthquake regions, each has its limitations, necessitating the development of an accurate, objective measurement system. Although the Sokolov and Chernov (1998) method has been used for hazard assessment in the former USSR, it considers only a single ''representative frequency'' for each intensity value and it does not include the effect of the vertical component in the calculation of frequency. The CDI intensity values proposed by Dengler and Dewey (1998) are influenced by the human response to intermediate to large earthquakes, different seismotectonic regions, and the time needed to construct a distribution map of CDI intensity values. The proposed tagging intensity method (Thywissen and Boatwright 1998) depends on the municipal tagging and population density information created for a census tract. In contrast, the CII mapping method of Wald, Dengler, and Dewey (1999) provides an actual intensity based on shaking and damage, while there is no recorded instrumental intensity. Although the CII method can be obtained more quickly than the CDI map of Dengler and Dewey (1998) , in the case of large magnitude earthquake it may be impossible to receive quick responses from a highly damaged region. This delay limits the ability to draw a rapid CII map for early damage assessment and a rescue operation. During the Hector Mine earthquake (Mw 7.1, 16 October 1999) , however, more than 25,000 responses were received from the people who felt the earthquake.
In October 1996, the JMA adopted a new instrumental seismic intensity scale (I JMA ), derived from three-component strong ground motion records. The new instrumental seismic intensity values, as real numbers, are promptly obtained just after an earthquake, as well as additional earthquake ground motion parameters, including peak ground acceleration (PGA), peak ground velocity (PGV), and spectrum intensity (SI). Recently, Yamaguchi and Yamazaki (2001) introduced a method to estimate the distribution of earthquake ground motion parameters such as I JMA , PGA, PGV, and SI, based on building damage data due to the 1995 Hyogoken-Nanbu (Kobe) earthquake. However, the use of such methods is limited to devastating events and a long time is required to obtain building damage data.
We utilized the new instrumental JMA seismic intensity (I JMA ) as an earthquake ground motion index to apply the I JMA methodology to three damaging California earthquakes. Collecting the reported Modified Mercalli Intensities for selected recording stations during the 1994 Northridge, the 1989 Loma Prieta, and the 1987 Whittier Narrows earthquakes, we calculated the new JMA seismic intensities. We then derived a linear regression for reported MMI and the geometric mean of the a 0 obtained during the computation of I JMA . Using this relationship, we propose a new instrumental seismic intensity (I MM ) scale, compatible with MMI, which was obtained from a three-component record. The linear regression of MM intensity with respect to the I MM is performed on the data set. These results were then compared to the Wald, Dengler, and Dewey (1999) relation between MMI and CII.
MODIFIED MERCALLI INTENSITY SCALE
In 1902, Mercalli introduced the basis for the Modified Mercalli Intensity scale of ten levels. In 1904, Cancani, expressing these grades in terms of acceleration, increased the scale to contain twelve grades. Sieberg published an elaboration of the Mercalli scale, including Cancani's scheme, in 1923. The scale was later improved by Wood and Neumann in 1931 and by Richter in 1958 . The United States uses the MMI scale (Wood and Neumann 1931) : the USGS is responsible for collecting earthquake intensity data using a questionnaire survey, as well as for undertaking the field investigation of destructive earthquakes in order to analyze the regional damage distribution.
Linear relationships between MMI and peak ground acceleration (PGA) have been proposed by several researchers (Gutenberg and Richter 1942 , Kawasumi 1951 , Neumann 1954 , Hershberger 1956 , Trifunac and Brady 1975 , Murphy and O'Brien 1977 , and Wald et al. 1999a ). The correlation of PGA or PGV values from recording stations with the actual reported MMI values, which are based on the observations of a community with an area of many square kilometers, must be obtained to derive such relationships (Wald et al. 1999a) . In this study, we determine the new JMA seismic intensity (I JMA ) for the Northridge earthquake (Shabestari and Yamazaki 1998), the Loma Prieta earthquake, and the Whittier Narrows earthquake, using the three-component acceleration records, allowing accurate and objective determination of the correlation.
JMA INSTRUMENTAL SEISMIC INTENSITY
After a revision of the JMA instrumental intensity scale in October of 1996, a large number of seismometers measuring JMA intensity were deployed throughout Japan (JMA 1996 . To calculate JMA intensity, Fourier transform is applied to each of three-component acceleration time history. Then a band-pass filter, consisting of three sub-filters (Figure 1 ), is applied to the frequency domain.
in which
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After taking the inverse Fourier transform, the effect of the duration () was calculated into the square root of the vectoral composition of the three components in the time domain (Figure 2a ). Using a reference acceleration value of a 0 , having a total duration, , satisfying the relation (a 0 )у0.3 s (Figure 2b ϭ5.9), the October 17, 1989, Loma Prieta earthquake (M S ϭ7.1), and the January 17, 1994, Northridge earthquake (M S ϭ6.8). All data were recorded by the USGS or by the California Strong Motion Instrumentation Program (CSMIP). The USGS data were obtained from the National Oceanic and Atmospheric Administration (NOAA), the National Geophysical Data Center (NGDC). To avoid instrumental response effects from the records, corrected time histories were selected from the data sources. All the corrected records meet the conditions necessary to apply the band-pass filtering in Equation 1. To avoid structural response effects, free-field records were used. The record of the 1994 Northridge earthquake from the Tarzana station was excluded from the analysis due to an extremely high peak acceleration (1,744 cm/s 2 ) value (Spudich et al. 1996 ), which does not correlate well with the average MMI reported for this community. The summary of the data used in this study is given in Table 1 .
To develop a relation between the MMI and the log a 0 values, we utilized the average reported USGS MM intensity for the Northridge earthquake from EQE (1995) report, containing the digital MMI values for the communities. For the Loma Prieta and Whittier Narrows earthquakes, we examined the reported USGS MMI values corresponding to the nearest postal zip codes, according to the criteria used by Wald et al. (1999a) . Table 2 lists the USGS MMI values recorded closest to the selected stations for each of the three California earthquakes.
PROPOSAL OF INSTRUMENTAL SEISMIC INTENSITY SCALE (I MM )
The location of all stations and reported USGS MMI values were plotted for the three earthquakes before beginning the regression analysis of the data. The MMI value nearest to each recording station was utilized as the MMI value for that station. The primary linear regression of MMI versus log a 0 for a limited range of MMI (IV р MMI р VIII) (Figure 3 ) demonstrates a standard deviation of 0.769 and an r-square value of 0.709. Due to the wide range of a 0 values for each given MMI level, we derived the linear relation between the USGS MMI and the geometric mean of the a 0 values for a given MMI unit (Figure 4) . With a standard deviation of 0.274, the r-square (0.989) is very high after applying regression to the relation between MMI and the geometric mean of a 0 .
To distinguish the estimated MMI, which is derived from a 0 , from reported MMI, we will use I MM instead of MMI. The proposed instrumental seismic intensity (I MM ) scale compatible with MMI is determined for the three significant California earthquakes ( Figure 4) as: 
where a 0 is the reference vectoral acceleration value that is obtained during the computation of I JMA .
In order to estimate the MMI from I JMA , the linear relation between the USGS MMI and the I JMA for a limited range of MMI (IV р MMI р VIII) is obtained ( Figure 5 ) in Equation 7. Table 2 lists the station name, data source, location of each station, and larger of the peak acceleration and peak velocity values of the two horizontal components (PGA L , PGV L ). Also listed are the USGS MMI for the 1994 Northridge earthquake (EQE 1995) , the 1989 Loma Prieta earthquake (Wald et al. 1999a) , and the 1987 Whittier Narrows earthquake (Wald et al. 1999a) . The value of a 0 calculated in the I JMA procedure, the I JMA intensity values, and the corresponding proposed instrumental seismic intensity (I MM ), obtained using Equation 6, are also given.
RESULTS AND DISCUSSIONS
As the accuracy of MM intensities are based on observations throughout a community with an area of several square kilometers and as there is no clear association with strong motion values, it is difficult to accurately determine the correlation of MMI with ground acceleration. Through the calculation of I JMA , however, we are able to derive a relationship between MMI and geometric average value of the a 0 . To derive such a relation, we utilized the MMI value reported closest to the corresponding station.
In the Northridge earthquake, the largest JMA seismic intensity (I JMA ) of 6.3 was recorded at the Sylmar County Hospital station having a PGA L value of 826.8 cm/s 2 , a PGV L value of 128.9 cm/s, and an epicentral distance of 16 km ( Table 2 ). The second largest value of the I JMA of 6.3 was recorded during the same earthquake at the Newhall Los Angeles County Fire station, with a PGA L value of 578.2 cm/s 2 , a PGV L value of 94.7 cm/s, and an epicentral distance of 20 km. Using the relation between the a 0 and the I MM denoted by Equation 6, the I MM value was determined to be 9.4 for both of the above stations. In the 1989 Loma Prieta earthquake, the largest JMA seismic intensity (I JMA ) of 5.9 was recorded at both the Corralitos-Eureka Canyon and Hollister-South Street/Pine Drive stations, with PGA L values of 617.7 cm/s 2 and 362.0 cm/s 2 , PGV L values of 55.2 cm/s and 62.8 cm/s, and epicentral distances of 7 km and 48 km, respectively. We determined the proposed instrumental seismic intensity (I MM ) to be 8.6 for these two stations.
In the 1987 Whittier Narrows earthquake, the largest JMA seismic intensity (I JMA ) is 5.3, recorded at the Downey County Maintenance Building. This reading had a PGA L value of 193.0 cm/s 2 and a PGV L value of 28.9 cm/s. The next largest I JMA value was Wald, Dengler, and Dewey (1999) CII-mapping method recently correlated the CII of the Northridge, the Whittier Narrows, and the Sierra Madre earthquakes with the USGS MMI and corresponding MM intensity values for events in California of small to moderate magnitude using the TriNet ShakeMaps instrumental intensity method (Wald et al. 1999b) . The results of our study (Figure 6 , solid line) are in good agreement with the results of Wald, Dengler, and Dewey (1999) (Figure 6 , dashed line). We find that the geometric mean of proposed I MM values correlate well with the USGS MM intensities, especially within the given range of MMI (IV р MMI р VIII). As I MM , obtained by Equation 6, corresponds to an instrumental seismic intensity at one point, a wide range variation in this value is observed (Figure 6 ). This variation might result from local site conditions and spatial radiation patterns from the source to the stations MMIϭ1.00I MM ϩ0.11 ͑ϭ1.016, Rϭ0.709͒ (8)
CONCLUSIONS
Using the JMA instrumental seismic intensity algorithm as a foundation, we propose a method to estimate the MMI from a three-component acceleration record. We obtained the JMA seismic intensity I JMA from the free-field records for the January 17, 1994, Northridge earthquake, the October 17, 1989, Loma Prieta earthquake, and the October 1, 1987, Whittier Narrows earthquake. Utilizing a linear regression, we determined a new relationship between the USGS MMI and the geometric average of a 0 , obtained during the computation of I JMA , for a given MM intensity unit. The new instrumental seismic (I MM ) scale is obtained directly, using the three-component acceleration records by applying the relation, I MM ϭ3.93 log a 0 Ϫ1.17. The relationship between I JMA and MMI is derived using the current data set.
The proposed instrumental I MM represents the seismic intensity of a single recording site, whereas the USGS MMI represents the damage level of a community across several square kilometers. The geometric mean of the I MM values correlate well with the reported USGS MMI values, especially for intermediate to high USGS MMI values. Considering the close correlation of our data with the MMI versus CII and correspondence MMI of TriNet (Wald, Dengler, and Dewey 1999 and 1999b) , the proposed instrumental seismic intensity, I MM , will be useful to estimate MM intensities from three-component acceleration records.
A PROPOSAL OF INSTRUMENTAL SEISMIC INTENSITY SCALE 721

